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Abstract 
In this study, he effect of the reaction medium on the initial hydrogen decomposition of the 
NaBH4 hydrolysis reaction in the presence of the Co catalyst surface has been theoretically 
investigated using the CASTEP package program based on density functional theory. The main 
purpose of the research is to distinguish the catalytic effects of fcc cobalt surfaces on the 
decomposition of hydrogen from NaBH4 and to determine the effects of the environments 
formed by the hydrolysis of water at the most efficient cobalt surface on hydrogen 
decomposition. Therefore, the common surface types Co(111), Co(110), and Co(100) surfaces 
of the fcc cobalt crystal were used to determine the effect of fcc surface structure on hydrogen 
decomposition from NaBH4 and water decomposition. The activation energies required for 
hydrogen decomposition from NaBH4 on the catalyst surface of Co(111) with the lowest 
activation barrier were determined for each possible reaction medium containing different 
concentrations of H* atoms, ·OH* radicals, and H2O* molecules. The variation of the activation 
energies calculated for the reaction paths chosen for different amounts of H* atoms and ·OH* 
radicals are in good agreement with experimental expectations. According to our results, the 
value of activation energy increases as the ratio of ·OH* radicals increases. 
 
Introduction 
 
As a result of traditional methods used in energy consumption, environmental pollution has 
shown that it is very important to use clean energy sources instead of fossil fuels that cause 
global warming. One of the alternative sources of clean energy to carbon-based fuels is 
hydrogen. Although hydrogen has a higher energy density per unit mass than gasoline, the 
volumetric energy density is quite low. Because of this reason, various techniques to store 
hydrogen such as compressed-cryogenic tanks and sorbent materials that exploit physical 
interactions are far from fulfilling the requirements [1-3]. Chemical hydrides are promising 
materials that hold hydrogen at room temperature through chemical bonds [3]. Although water 
is an important source for hydrogen production, metal borohydrides (MBH4) contains more 
hydrogen than water, so recent studies on hydrogen production have focused on the hydrolysis 
reaction of 1 mol of metal borohydride in 2 moles of water. This reaction is capable of 
producing 4 moles of H2. Recently, experimental studies on the production of hydrogen from 
metal borohydrides (MBH4) have shown that the hydrolysis rate of catalytic MBH4 reactions 
depends on the proportion of ·OH radicals released from the decomposition of water [4,5]. So 
far, relatively few amounts of research have considered this effect clearly from the theoretical 
manner [6,7].   
Sodium borohydride (NaBH4), as a chemical hydride, can provide relatively high 
theoretical hydrogen yield (10.8 wt%) via hydrolysis reaction [8], which proceeds in an aqueous 
medium with a catalyst [9,10]. Studies to date have shown that hydrogen production by 
hydrolysis reaction of the NaBH4 in aqueous solution has many advantages, such as high 
gravimetric and volumetric hydrogen capacity, stability in alkali state media, hydrogen 
production even at 0 °C and controllability of hydrogen generation via a catalyst. Moreover, the 
reaction can be recycled, the reaction rate is easy to control, and the hydrogen is generated with 
high purity [6, 9, 11-15]. 
Thermolysis [16], hydrolysis [4], and their simultaneous consideration in the same 
reaction medium [17,18] are available methods for the hydrogen release stored in NaBH4. 
Among these methods, only the hydrolysis method has been considered for practical hydrogen 
production [12,19]. The hydrolysis of NaBH4 was defined as early as 1953 by Schlesinger et 
al. [4]. The ideal NaBH4 hydrolysis reaction is defined as; 
NaBH
4 + 2H2O → NaBO2 + 4H2 ~ 300 kJ                                                                             (1) 
Experimental results show that sodium metaborate is highly stable during the reaction and also 
increases the pH of the solution due to water decomposition. In recent years, experimental 
studies have shown that Co is one of the most active metal catalysts for the NaBH4 hydrolysis 
reaction of [4,20]. To date, studies on this reaction have shown that the reaction is exothermic 
and hence needs no energy input. The products (metaborates) of reaction are environmentally 
safe. The volumetric and gravimetric hydrogen storage efficiencies are high compared to other 
chemical hydrides and pure H2 can be generated even at low temperatures [21]. The Co-based 
catalysts have good catalytic performance and there are considerable experimental studies have 
been conducted until today. Also, some researches emphasize the importance of cycle counts 
for catalyst and rate of degradation in practical uses of hydrogen storage. In this context, during 
the literature search for catalyst research, in addition to the high activity of Co-based catalysts, 
the different advantages of these properties were taken into consideration. As is known, metallic 
Co is in the hcp phase at low temperatures and fcc phase at temperatures above 450 oC [22]. 
However, studies to date have shown that fcc Co surfaces are obtained at room temperature 
using nanoparticle production techniques [23, 24], and coating techniques [25]. Also, for bulk 
cobalt, the thermodynamically favored structure is the hcp structure, but for Co crystallites 
smaller than 20 nm, i.e. in the relevant size regime for Co Fischer-Tropsch synthesis (FTS) 
catalysts [26], the fcc structure is thermodynamically most favorable[27]. 
Also, water used in the production of hydrogen is a requirement in terms of the solubility 
of reactants and by-products. Understanding the reaction kinetics by reducing the amount of 
water on the pathway to obtaining NaBO2 during the reaction of NaBH4 with water is important 
to achieve the high energy density of the hydrogen storage system. The coherence between the 
theoretical and experimental studies guides development of new hydrogen storage materials 
and research of their catalytic activity. It should be considered that the differences of 
experimental investigations, such as molarities of reactants, temperature, etc., prevent an actual 
comparison with theoretical studies however they still give hints for the new researches. 
One of the aims of this study is to determine the preferable cobalt surface for the first 
step of NaBH4 hydrolysis reaction and decomposition of water. For this purpose the reactions 
as shown in Eqs. 2-4 are optimized on Co(111), Co(110), and Co(100) surfaces.  
H2O*→H*+OH*        (2) 
NaBH4* → NaBH3* +H*       (3) 
NaBH4*+2H2O* → NaBH3*+H*+2H2O*     (4) 
The second aim of this study is to investigate the effects of H* atom and ·OH* radical 
and H2O* molecule to the NaBH4* hydrolysis reaction on Co (111) surface. For this purpose, 
activation energies of the first step, which may have different possibilities, of the catalytic 
NaBH4* hydrolysis reaction on the surface were determined using DFT calculations in the 
presence of H* atoms, ·OH* radicals, and H2O* molecules.  It is possible to define the first step 
in the sodium borohydride hydrolysis reaction on the Co (111) surface by the following reaction 
equations to create different medium conditions. 
NaBH4*+H*+·OH*+H2O* → NaBH3*+H*+H*+·OH*+H2O*  (5) 
NaBH4*+·OH*+H2O* → NaBH3*+H*+·OH*+H2O*   (6) 
NaBH4* + 2H* + 2 ·OH* → NaBH3*+H*+2H*+2 ·OH*   (7) 
NaBH4*+2 ·OH* →NaBH3*+H*+2 ·OH*      (8) 
NaBH4*+2H2O* → NaBH4*+H*+·OH*+H2O*    (9) 
NaBH4*+H*+·OH*+H2O* → NaBH4*+2H*+2·OH*   (10) 
The symbol * in the reactions given above indicates that atoms and molecules interact with the 
catalytic surface. Eqs. 3-8 from these proposed reaction equations correspond to different 
reaction combinations for the first reaction step, where one of the hydrogens in NaBH4* 
decomposes.  The last two are related to the decomposition of water. In this study, the effect of 
possible environmental conditions on the decomposition of one of the hydrogen in NaBH4* 
during the hydrolysis reaction of NaBH4* was theoretically investigated. 
Computational Method 
In this study, calculations were made using the CASTEP simulation package [28,29], 
which is a DFT code. The generalized gradient approach (GGA) is used by Perdew-Burke-
Ernzerhof (PBE) with the potential for exchange-correlation [30, 31]. For fcc-bulk cobalt, our 
calculated value of lattice parameter for fcc Co is 3,57 Å, which is in good agreement with the 
3,55 Å measured by phonon dispersion of the high temperature (833 °K) fcc phase of pure 
cobalt with intellectual neutron scattering [32]. The optimizations of the molecules were carried 
out in 3-d free space using spin-polarized total energy calculations.   
First of all the Co(111), Co(110), and Co(100) surfaces were modeled using a four-layer 
slab in a (3x3) unit cell with the top two layers allowed to relax and the bottom two layers 
constrained to the bulk positions. Then, the cobalt surfaces, the geometric structures of the 
molecules on the cobalt surfaces, and the initial states and final states of the reactions in the 
Eqs. 2-4 reaction steps were optimized. After that, transition state calculations were performed 
of these reactions. 
All calculations were performed using cutoff energy of 500 eV. Reciprocal space 
integration over the Brillouin zone was approximated with a finite sampling of k-point using 
the Monkhorst–Pack scheme and the k-point spacing was set to be 4x4x1. The structures were 
relaxed using a Broyden−Fletcher−Goldfarb−Shanno (BFGS) scheme with the following 
convergence parameters for energy, force,  displacement and stress are 5.0×10−5 eV/atom, 0.1 
eV/Å, 0.005 Å, and 0.2 GPa, respectively.  The slabs were separated from their periodic images 
by a vacuum width of 20 Å. Spin-polarization was considered to characterize the ferromagnetic 
structure of the metal. 
The simplest way to determine intrinsic energy changes in the reaction medium of any 
reaction step is to identify the changes in energy barriers (activation energy) and reaction 
energies. The reaction energy (∆H) for any reaction step was calculated using the Eq. 11, 
    (11) 
where ER/S and EP/S are the total energy of the reactant and product molecules on the surface, 
respectively. The reaction is exothermic for the negative value of DH, otherwise it is 
endothermic. 
 
The values of the forward (EFA) and reverse (ERA) activation energies were determined 
using the total energy values of the transition state, the reactant, and product molecules on the 
surface. The values of EFA and ERA are calculated by 
    (12) 
and 
    (13) 
the most important process in determining the activation energy for a reaction step is the 
determination of the transition state with minimum energy.  
In a recent study, activation energy values were successfully obtained by performing 
transition states (TS) search calculations to separate the BH4 molecule on various metal (111) 
surfaces [33]. Therefore, we used TS search calculations to get the activation energy values for 
each reaction step in this study. The transition states (TS) were searched using the LST/QST 
method [34] in the CASTEP simulation package. First, the linear synchronous transit (LST) 
maximization was performed, followed by energy minimization in the directions conjugating 
to the reaction pathway. Second, the approximated TS was used to perform quadratic 
synchronous transit (QST) maximization, with conjugate gradient minimization performed. 
The cycle is repeated until a stationary point was located in this method [35].  
Results and Discussion 
Optimization results of H2O and NaBH4 in the gas phase 
∆H = EP/S − ER/S
EFA = ETS/S − ER/S
ERA = ETS/S − EP/S
Structural parameters for isolated adsorbates in the gas phase, which are obtained by placing 
them in a large periodically repeated cubic box with sides of 15 Å are found via optimization. 
Firstly, we were calculated interatomic distance (da-a) and total energy for isolated molecules 
and along with the bond angle (aH-O-H) of the H2O molecule. The calculated dO-H distance and 
aH-O-H angle for molecular water are 0.97 Å (exp. 0.96 Å) and 104.59° (previous calc. 104.6°) 
respectively[36,37]. The dB-H distance for NaBH4 is 1.25 Å (exp. 1.22 Å) [38], for NaBH3 is 
1.21 Å and 1.20 Å, dO-H distance for the OH molecule is 0.99 Å (exp. 0.97 Å) [39] and dH-H 
distance for H2 molecule is 0.75 Å (exp. 0.74 Å)[40]. Present results are in good agreement 
with the experimental results. 
Transition state search calculations for fcc cobalt surfaces 
First of all, Co(111), Co(100), and Co(110) surfaces of metallic fcc cobalt, which is used as 
catalyst, were modeled by four layers of metals and a p(3x3) supercell. Initial and final states 
of possible decomposition reactions based on the main reaction are modeled and optimized 
separately for the surfaces. LST/QST transition state calculations were made using the initial 
and final states. 
Table I. The values of ERB, EPB, and ∆H for reactions given by Eqs. 2-4.  The optimizations 
were done for p(3x3) surface size on the fcc Co(111), (110), and (100) surface structures. 
 
Co(111) surface ERB(eV) EPB(eV) ∆H(eV) 
H2O*→H*+OH* 1,100 1,492 -0,391 
NaBH4* → NaBH3* +H* 0,263 0,632 -0,373 
NaBH4*+2H2O* → NaBH3*+H*+2H2O* 0,214 1,063 -0,852 
Co(100) surface    
H2O*→H*+OH* 1,144 1,853 -0,711 
NaBH4* → NaBH3* +H* 0,412 1,022 -0,609 
NaBH4*+2H2O* → NaBH3*+H*+2H2O* 0,381 1,593 -1,212 
Co(110) surface    
H2O*→H*+OH* 1,082 1,824 -0,742 
NaBH4* → NaBH3* +H* 0,407 0,981 -0,573 
NaBH4*+2H2O* → NaBH3*+H*+2H2O* 0,374 1,704 -1,331 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 (a) Energy profile and (b) optimized structures of the IS, TS, and FS on the fcc Co surface 
for the H2O*→H*+OH* (Eqs. 2) reaction.  
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Fig.2 (a) Energy profile and (b) optimized structures of the IS, TS, and FS on the fcc Co surface 
for the NaBH4 * → NaBH3* + H* (Eqs. 3).  
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Fig.3 (a) Energy profile and (b) optimized structures of the IS, TS, and FS on the fcc Co surface 
for NaBH4*+2H2O*→NaBH3*+H*+2H2O* (Eqs. 4). 
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LST/QST calculations do not differ in activation barrier values required for molecular 
water decomposition. And also; The values of energy required for hydrogen decomposition 
from NaBH4 are shown in Table I for the anhydrous medium. As can be seen from Table I, the 
lowest activation energy for the decomposition of one of the hydrogen in NaBH4*  in the 
aqueous and non-aqueous environment was obtained on the Co(111) surface. These results 
showed that the Co(111) surface from fcc Co surfaces is a preferred surface for catalytic effect 
in hydrogen separation from NaBH4. This result is in agreement with a study by Rostamikia et 
al.[41].  They calculated the activation barrier required for the decomposition of 
BH4* ®BH3*+H* on the Au(111) surface as 0.37 eV[41]. However, hydrolysis of water takes 
place at fcc Co surfaces with energies very close to each other. Therefore, it can be said that 
there is no preferred fcc Co surface for the hydrolysis of water.    
 
Transition state search calculations for Co(111)-(4x4) surface 
 
The calculations in this section are designed to determine the transition states of the 
reactions given in Equations (2-10). For the values of the parameters, the Co(111) surface was 
modeled using a four-layer (4x4) surface with the top two layers allowed to relax and the bottom 
two layers constrained to the bulk positions. 
 
 
 
Fig.4 The possible adsorption sites of fcc Co surfaces. The positions of the top, bcc, and 
fcc are the blue, green, and yellow balls, respectively. The bridge position is the midpoint 
between the two blue balls. 
 
There are four different adsorptive sites for Co(111)-(4x4) surface morphology; top, 
hcp, fcc, and bridge (shown in Fig.4). Before the TS search, the reactant and product molecules 
given in the reaction steps were optimized on the 4x4 surface. When the reactants and products 
of the reaction are optimized; NaBH4*, H2O* are adsorbed on top sites, NaBH3* is adsorbed 
on the hcp site. In presence of other adsorbents, H* and ·OH* adsorption sites are very high 
and weakly bound although H* and ·OH* are adsorbed on top site of the clean surface. 
 
To determine the effects of H2O*, ·OH* radical and H* atom for the decomposition of 
NaBH4 on the surface, we first obtained transition states for all reaction steps. As a result, we 
estimated the activation energies (EA) corresponding to the forward activation barrier (EFA) for 
the first step of the reaction pathway of formation of sodium metaborate from sodium 
borohydride. 
   
   
(a) (b) (c) 
 
Fig.5 The optimized geometries of the molecular structures for the reaction step given by Eq.3 
are shown; (a) the reactant, (b) the transition state, and (c) the product. 
 
To determine the effects of ·OH* radicals formed by the decomposition of H2O* 
molecules, the activation energy was obtained for the reaction given by the Eq. (3) on the clean 
Co surface. The molecules of reactant (NaBH4*) and product (NaBH3*+H*) on the surface were 
optimized. Fig.5(a), (b), and (c) shows the optimized geometries of the reactive (NaBH4*), TS, 
and product (NaBH3*+ H*) molecules on the surface.  
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Fig.6 Optimized geometries of NaBH4 molecule on the Co(111) surface in non-aqueous 
medium (a) and the presence of 2-mole water (b). (O, B, Na, H atoms are red, pink, purple, 
white respectively.) 
 
As a result of the optimization, it was observed that the NaBH4* molecule has minimum 
energy at the top position while the positions of NaBH3* and H* species after decomposition 
were configured to bound at the nearest fcc position and hcp position, respectively. NaBH4 was 
optimized both in the presence and absence of water. It was seen that BH bond lengths in the 
NaBH4 molecule have changed because of the interaction with the water. While the values of 
B-H1, B-H2, B-H3 bond lengths in the aqueous and anhydrous medium are 1.23 Å, the value 
of B-H4 bond length increases from 1.25 Å in the absence of water to 1.27 Å in the presence 
of water.  This result indicates that water facilitates the separation of H from the NaBH4 
molecule. 
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Fig.7 The optimized geometries of the molecular structures for (a) the reactant (b) the 
transition state and (c) the product on the Co(111) surface of the PW3 possible reaction pathway 
for the first reaction step. 
On the other hand, the optimization result for the reaction in Eq.(4) which can be 
considered as the starting point of the reaction for 1 mol NaBH4 molecule dissociation in 2 mol 
H2O* in the catalytic medium is given in Fig.7 (a), (b) and (c).  While the activation energy for 
an H dissociation reaction from NaBH4 on the clean Co(111) surface is 0.397 eV, it was 
calculated as 0.337 eV in the presence of 2 mol H2O* for the ideal hydrolysis reaction.  
Additionally, we investigated the hydrolysis reaction of sodium borohydride in the presence of 
·OH* radicals and H* atoms. The variation in numbers of H* atoms and ·OH* radicals changes 
the energetic behavior of the relevant reaction step. This reaction design which can be seen in 
Eq. 4-10 represents different reaction media. It is very well known that half of the hydrogen 
atoms come from water decomposition in the hydrolysis reaction. It means that water molecules 
have to decompose and release H atoms and ·OH radicals to the reaction medium. 
 
As seen in Table II, the reaction barrier energies for dissociation of H2O* molecule were 
calculated as 1,121 eV in the PW1 step for a clean surface, 0.98 eV, and 1.13 eV in the PW8 
and PW9 steps for the reaction media, respectively. Our results are well compatible with the 
reaction barrier energies obtained for H2O* decomposition at different clean surfaces as 0.88 
eV on Co(111) [42],  1.23 eV on Pd(100) [43], 1.04 eV on Fe(100) [44], 2.28 eV on Au(100) 
[45], 1.28 eV on Cu(111) [46], 0.92 eV on Rh(111) [37], 0.69 eV on Ni(111) [47] and 0.78 eV 
on Pt(111) [48].  The calculations of H2O decomposition on different Co surfaces by F. F. Ma 
et al [42] showed that the reaction barrier for the O-covered Co surface is lower than the clean 
surface. Our results for the clean and non-clean Co surface supports the results of F.F. Ma et. 
al. [42]. Consistency of our results obtained for hydrolysis of water with the literature is an 
important support for the validity of the results obtained for the decomposition of NaBH4. 
 
 
 
 
 
 
Table II. Reactant barriers, product barriers, and enthalpies of possible pathways for the first 
step of the hydrolysis reaction of NaBH4 in the catalytic medium. 
 
 Reactions TS ERB(eV) EPB(eV) ∆H(eV) 
PW1 H2O* → H* + ·OH* TS1 1.121 1.511 -0.39 
PW2 NaBH4* → NaBH3* +H* TS2 0.397 1.130 -0.733 
PW3 NaBH4* + 2 H2O* →NaBH3* +H* + 2 H2O* TS3 0.337 1.997 -1.66 
PW4 
NaBH4* +H* +·OH*+ H2O* → NaBH3* + H*+ 
H* + ·OH* + H2O* 
TS4 0.354 2.013 -1.67 
PW5 
NaBH4* + ·OH* + H2O* → NaBH3* + H* + 
·OH* + H2O* 
TS5 0.374 2.185 -1.811 
PW6 
NaBH4* + 2H* + 2·OH* → NaBH3* +H* + 2H* 
+ 2·OH* 
TS6 0.610 1.334 -0.723 
PW7 NaBH4* + 2·OH* → NaBH3* +  H* + 2·OH*  TS7 0.691 1.135 -0.445 
PW8 
NaBH4* + 2H2O* →NaBH4* +H* +·OH*+ 
H2O* 
TS8 0.981 0.40 -0.581 
PW9 
NaBH4* +H* +·OH*+ H2O* → NaBH4* + 2H* 
+ 2·OH* 
TS9 1.134 0.573 -0.561 
 
On the other hand, the transition state energies of the different atomic and molecular 
media to the hydrogen abstraction from NaBH4 molecule are given in Table II and Fig.8., 
respectively. The PW3 step given in Table II is the most probable reaction at the beginning of 
the reaction. The other reaction steps show possible steps that may occur after the beginning of 
the reaction. In this study, TS values for H2O* decomposition are in good agreement with the 
results of other studies, despite the different adsorbents on the surface.  The cause of the TS9 
being higher than the TS8 is due to the presence of excess ·OH* radicals in the medium in the 
PW9 reaction.  
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Fig.8. The optimized geometries of the molecular structures for (a) the reactant (b) the 
transition state and (c) the product on the Co(111) surface of the PW3-PW7 possible reaction 
pathways for the first reaction step. 
 
The first step of the reaction is given in Eq. (1) was examined by the possible reaction 
paths PW3-PW7 for the dehydration of NaBH4 for different ·OH* concentrations. In the PW3 
reaction pathway where there are no ·OH*, the energy barrier is 0.337 eV and reaction energy 
is -1.66 eV, while in the PW4 reaction where 1 mol H2O* is dissociated, the barrier is 0.354 eV 
and -1.67 eV. Reaction energies of the PW3 reaction pathway are -0.18 eV, 1.21 eV for Pt(111) 
and Au(111) respectively [7]. In the PW5 reaction pathway where an H* atom is removed from 
the surface in the PW4 reaction pathway, the energy barrier increases to 0.374 eV. The energy 
barrier increased to 0.610 eV in the PW6 reaction path, where both H2O* molecules were 
dissociated into ·OH* and H*.  The activation energy barrier increases with increasing ·OH* 
radical concentrations.  
Conclusions 
In this study, activation energies were obtained for possible reaction pathways for the 
separation of H from NaBH4 molecule which is the first step in 1 mol NaBH4 and 2 mol H2O 
reaction using DFT calculations. The variation of activation energy (EA) corresponding to these 
steps is given in Fig.9. 
 
Fig.9. The variation of activation energy (EA) corresponding to reaction pathways.  
As can be seen in Fig.9, the activation energy is increased for further reaction steps. The 
increase in activation energy is due to the formation of the ·OH radical in the reaction medium 
as a result of the decomposition of 2 mol H2O. Acidic solutions have relatively more hydrogen 
ions, while alkaline (also called basic) solutions have relatively more hydroxyl ions. The acidity 
or alkalinity is determined by the amount of hydrogen ion (H+) or hydroxyl (OH-) in the 
medium. pH is the measurement of acidity or alkalinity of the aqueous solution [49].  The results 
obtained for the energy barrier indicate that the reaction rate decreases as the basicity of the 
medium increases. This is in good agreement with experimental studies conducted by S.S. Muir 
et al [6]. The activation energies calculated for the PW5 and PW7 reaction pathways are greater 
than those obtained for the PW4 and PW6 reaction pathways where the H* atoms are present. 
This indicates that the acidity of the medium decreases as H* atoms move away from the 
surface. For example, the activation energy for the PW4 is 0.354 eV, while for the PW5 it is 
0.374 eV.  
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In this context, the change in the activation energies at the possible reaction stages are 
compatible with the concentration of the OH- ions inversely proportional to the reaction rate. 
In other words, the change in the activation energy is thought to result from the change in the 
pH of the medium. Also, the activation energy for the clean surface is greater than that obtained 
for the surfaces containing H2O*, whereas it is smaller than that of the surfaces where water 
completely decomposes to ·OH* and H*. This result indicates that the probability of formation 
of the first reaction step varies with the absorption of different molecules onto the catalytic 
surface. Moreover, the catalytic activity for the first reaction step is reduced by the absorption 
of different molecules onto the catalytic surface. Thus, it is possible to say that the ·OH* radicals 
are effective in determining the rate of the first step corresponding to the dissociation reaction 
of H atom from NaBH4*. The DFT calculation results for the separation of H* atom from 
NaBH4* are in good agreement with the experimental results. The activation energy values 
obtained as a result of the transition state search calculations in the catalytic medium showed 
that the DFT calculations were distinctive in determining the effect of the intermediate states 
on the reaction rate. 
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